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ABSTRACT 


A series of air tests with two different turbines was carried 
out on the Turbine Test Rig at the Naval Postgraduate School, 
Monterey, California. This study is primarily concerned with 
the data reduction and performance analysis of these turbines. 
Recent changes to the Test Rig are described, and performance 
predictions for geometrically similar turbines operating with 


media other than air are also presented. 
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LTABEE OF SYMBOmS 


Ged 

Axial dimension 

Specmic heat, constant pressure 
Force 

Universal gravitational constant 
Total enthalpy 

Static enthalpy 

Isentropic static enthalpy 
Horsepower 

Conversion factor (778 ft lb/pru) 
Head coefficient 

Leaving loss coefficient 
Moment 

Mass flow rate 

Revolutions per minute 
Pressure 

Universal gas constant 

Mean radius 

Radial dimension 

Theoretical degree of reaction 
Entropy 


Temperature 


Symbols 


ae Isentropic temperature 

U Peripheral velocity 

Olas Equivalent referred peripheral velocity 
V Absolute velocity 

Vi Equivalent referred absolute velocity 
W Relative velocity 

W* Equivalent referred relative velocity 

Ww Weight flow rate 


Greek Letters 


Absolute flow angle 


X 


Relative flow angle 
Specific heat ratio 
Change (in a property) 
Referred pressure 
Loss Coefficient 
Efficiency 

Referred temperature 
Flow restriction factor 
Density 

Summation 


Flow Function 


Cre id he eer = Gy oo ee TN 


Angular Velocity 


Subscripts 


A Axial 

AX Axial force capsule measurement 
E Equivalent 

IS Isentropic 

M Mean 

P Constant Pressure 

R Rotor 

S Sraver 

i Total 


TH Theoretical 


1g Peripheral 

x Axial 

0 Upstream of stator 

1 Between stator and rotor 
2 Downstream of rotor 
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f. Introduction: 

Turbine applications cover a very wide range of operating regimes. 
In aerospace applications the turbines must often be small due to severe 
weight limitations, Also the extremes of the harsh environment impose 
special conditions such as operation with exotic fluids, In order to 
achieve the necessary performance these turbines often run at very 
high rotating speeds and the design tolerances become very critical. 

In this light all contributing factors must be carefully examined, 
Relatively unknown are the effects of axial and radial blade clearances 
upon turbine performance. Determination of these effects was under- 
taken by tests on the Turbine Test Rig at the Turbo Propulsion 
Laboratory, Department of Aeronautics, Naval Postgraduate School, 
Monterey, California. The unique Turbine Test Rig design provides 
great latitude in the investigation of turbine performance parameters, 

This thesis is concerned with the method of analysis and pre- 
sentation of results of tests on two different reaction turbines. 

Since these tests were run with compressed air the prediction 
of performance with other media is also presented in this thesis. 

Thanks and appreciation are given to Professor Vavra for his 


valuable guidance and to Mr. L. T. Clark for his willing assistance, 
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Z. Test Installation, 

The Turbine Test Rig (TTR) is described in detail by Eckert! 
and to avoid duplication this discussion will be concerned primarily 
with alterations in the installation since Eckert's work, stator-rotor 
combinations used, and data measurements. 

The installation consists basically of a floating stator housing 
assembly anda rotor assembly. Air is supplied by an axial come- 
pressor through a series of plenum tanks. The inlet air pressure 
forms the "air cushion" to float the stator assembly. This is accome- 
plished through a labyrinth seal between the inlet manifold and the 
stator assembly. The rotor assembly consists of the rotor and dyna- 
mometer connected by the rotor shaft. The dynamometer is remote- 
ly controlled to produce desired load on the rotor, 

A schematic of the installation is presented in Fig. 1. All tests 
included herein were conducted without the hood, thus the turbine ex- 
hausted directly into the atmosphere. Three conical screens were in- 
stalled upstream from the stator nozzle to even out the flow and reduce 
any radial or tangential velocity component at the stator entrance. 

Six Kiel total pressure probes and two total temperature probes 
are installed downstream from the screens, but still upstream from the 
stator nozzle, The six Kiel probes are stationed at even intervals around 


lEckert, R. H., Performance Analysis and Initial Tests ofa 
Transonic Turbine Test Rig (USNPGS Thesis May 1966) Section 2. 
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the stator assembly circumference, and are averaged to obtain the in- 
let total pressure P,, . The associated total temperature probesinave 
proven slightly unreliable, therefore the inlet total temperature is 
taken by the bullet probe indicated in Fig. l. 

The rotor shroud contains seventeen static pressure taps. The 
extreme upstream tap is taken as the station (1) rotor tip pressure. 
Proceeding downstream, taps 1-13 are all on the shroud inner perim- 
eter. Taps 14-16 are on the angled bevel and tap 17 is on the extreme 
ema of the shroud, 

The station (1) hub pressure is taken from a tap off the stator 
hub to the chamber between the stator hub and the closure plate. The 
axial force differential and the moment acting on the closure plate are 
measured by strain gage flexures. 

The main force and moment measurements on the floating stator 
assembly are measured by the reluctance type force capsules denoted 
respectively by F andM in Fig. 1. The torque developed by the tur- 
bine load is measured by an electronic torque capsule of the dynamo- 
MeEteE. 

The method of calibration and the set-up of these instruments 
are described by Eckerti} The rotor torque capsule calibration has 
been refined by a special calibration unit designed to give consistent 


and repeatable calibrations. 
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The flow rate measurement method is presented by Eckert. ¢ 
This calibration holds throughout the range of magnitude of flow rates 
for the tests presented here. For lower flow rates the reader is re- 
ferred to the work by Naviaux. > 

A summary of the measurements, which are used in this 
analysis is given below: 

I The flow rate is calculated from measurements of total 
temperature, total pressure, and pressure differential across the 
nozzle, all taken at the flow nozzle. The leakage flow through the 
labyrinths of the floating stator assembly is obtained from the 
measured total pressure and total temperature in the plenum and 
the calibration data of Eckert. 

Pip On the stator are measured the total inlet temperature, 
total inlet pressure, hub static pressure, and seventeen shroud 
static pressures which include the tip static pressure. Direct force 
measurements include the force and moment on the stator assembly 
and the force: and moment on the closure plate. 

om The rotor measurements are the rotor speed, the torque 
on the rotor shaft, and the exhaust static pressure. 

-Eckert, R.H., Determination of Flow Rates, Transonic 
Turbine Test Rig (USNPGS TN 66T-1 January 1966). 


3Naviaux, J. C., Transonire Turbime*fest Rig Exhauster 
Tests, and Tests of a Reaction Turbine (USNPGS Thesis Dec. 1966). 
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The two turbines used in these tests are markedly different in 
appearance. The so-called MOD I turbine has an outer diameter of 
approximately 9.9 inches with a blade height of about 1.8 inches, 
The turbine was designed for free vortex flow and the rotor blades 
therefore have considerable twist between the hub and tip. The 
blading at the hub is of the impulse type whereas atthe tip it has a 
degree of reaction of about fifty percent. The blades are fairly thin, 
and because of the high degree of twist, this rotor is difficult to 
manufacture, Blade stresses are high and the natural frequencies 
of the blades are close to the frequencies that the turbine. produces. 
The. rotor has 22 blades, Tle stator of the MOD I turbine has 13 
blades which are slightly twisted, The small number of blades be- 
came necessary because of the stresses in the blades at the actual 
operating conditions, 

The MOD II turbine has stator and rotor blades that are not 
twisted, The degree of reaction at the mean diameter is equal to 
that of the MOD I turbine, The blades have blunt leading edges to 
become insensitive to the incidence angle variations that occur, 

The large blade thickness allows cooling holes radially down the 
center of the blades. However, blade cooling has not been used to 
date on this turbine. The rotor has 18 blades, a hub diameter of 
6,600 inches, and a tip diameter of 9.837 inches. The stator of the 
MOD II turbine has 19 blades, a hub diameter of 6,795 inches, and 


a tip diameter of 9.701 inches, 


16 


3. Turbine Performance Analysis 


The method used for the turbine performance analysis is a 
one-dimensional approach based on the equations of continuity, 
energy, momentum, and moment of momentum. The basic ap- 
proach is that given by Vacca” The assumptions made in con- 
ducting the analysis are: 

1. The flow is axisymmetric with no initial peripheral com- 
ponent and no radial component throughout. 

2. The flow is steady and adiabatic, thus along the mean 
streamline there is no change in the relative total enthalpy through 
Bae rotor, 

3. The fluid (air) acts as an ideal gas with constant specific 
heat throughout the test temperature range. 

Conditions across the stator are intended to be found by ap- 
plying the momentum equation to axial force measurements taken on 


the floating stator assembly and by applying moment of momentum to 


the torque measurements. For this case the momentum equation is: 
ede ae a a a =e l 


where ae and ee are measured by force pickups and the forces 
e to FE are computed from known pressures acting on respec- 
tive areas. 

eas cal M.H., Aero-Thermodynamics and Flow in Turbo- 


Machines, New York, London: John Wiley and Sons, Inc., 1960, 
Chapter 15. 
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The moment of momentum equation is: 


~M=Mo+M, = MRyVos (2) 


where MIR is measured by a force pickup acting through a known 
lever arm (actually calibrated for torque). The application of these 
forces and moments is shown in Fig. 2. The torque M, 1s caused 
by frictional force due to rotating air between the rotor hub and the 
closure plate. In Fig. 2 all forces and moments are shown as ex- 
ternal forces and are taken as positive values in the directions 


shown. With the measured weight flow rate w there are 


, 2c 
Va 2 (3) 





The equation of continuity can also be used to determine 


Vas ’ since 


ee (5) 
“ORAS 


The equations of state and energy give 


1 RT, 
2 
: V. 
ae 2 " Cp 
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Ve 


where 
% 
2 2 .% 
Vi : (Vas + Vut ) 


Equations (5), (6), (7) and (8) may be iterated or solved directly 
since ie is measured. From Fig. 4 additional stator exit 


quantities are given by 


U, = wR, 
Wor = Vir- U, 
War? Vat 
2 2 fy 
Wea (Wy, 7 Wo, 


The absolute and relative discharge angles are 


Jay, 
X, = fan — 
Vat 
-1 W. 
8,2 tan —% 
: Wat 
The stator efficiency is 
y, E Em ki 
s Tro > Tats 
where 
(¥-1 
P * 
= 5% 


20 


(11) 


(12) 


(15) 


(16) 





FIGURE 3 h-s DIAGRAM 





FIGURE 4 VELOCITY DIAGRAM 
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The flow function b is given by Vavra™ as 





5. 3 Tro R 
Aruroar Fro VS 


and 
2 
2f, (ep 
IS = | ao P, 


A flow restriction factor Ss can then be defined by 





The stator loss coefficient is given by 


[a a (20) 


Conditions at the rotor discharge are found by use of the 
moment of momentum equation. The torque M? measured by the 


dynamometer is 


M Ruy (Yur - Woo ) (ay 


< 
rh 
| 


Thus 


Vie V 


EI (22) 
ul Ww Rie 


i vavra, M.H., Problems of Fluid Mechanics in Radial 
Turbomachines Parts I & II. Von Karman Institute Course Note 
55a. Rhode-Saint-Genese, Belgium: Von Karman Institute for 
Fluid Dynamics, March 1965, equation C (7). 
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From continuity the axial component is 


The equations of state and energy give 





; ie 

i eae 

we 
= -— 4 25 
2 Tro 2 gUcp ( ) 

with 

Vo 

V, = (Vaz + Vip ) (26) 


In order to solve equations (23), (24), (25), (26) either by 
meeration or directly the values of P, and T;, must first be determined. 
Mimesstatic pressure P> is taken as the Static Pressuresin thesexhaust 
hood or as atmospheric when the hood is not used. Since no energy 


feeremmoved trom the fluideprior to entering the rotor, Jeo is found by 


3 A (POWER 
Ty. = to - => A (POWER) (27) 
W 2 gUJep 

where 

A (PoweR) = wM, (28) 
The above equations may now be solved to obtain the values of Ve ) 
Vu2, and v5 . the peripheral rotor velocity is 

UP EeO NIN (29) 


ra) 


The relative velocities are then determined by 


Woo? Vue 7 Us (30) 

Wao Vaz (31) 
Vy 

W = (Way + Wor ) (32) 


The exit flow angles are given by 





X, = tan” mon (33) 
Va2 
- “Wye 
fo>- Tan Wa (34) 


The total-to-static efficiency y} is defined by Fig. 3 and given by the 


relation 


Tro 7 Tro 


7, 


(35) 
Tove 


where T,, is given by (27). The temperature alia is obtained from 
=| 
‘ (s-y 
Tatu = The ( 2 } (36) 
Fro 





The isentropic head coefficient-_is 


(ae ie 2 2 ger (Tro ~ Tats ) 
aol aa Sie oy Pe ne ae (37) 
Ui/2gu 
Referred performance values are determined with respect to the 
reference parameters: 
O = T,,/ 518.4 oe) 
& = Pi / 14.7 (39) 
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where 518.4 °R and 14.7 psia are standard day sea level atmos- 


mneric conditions. The refermed values are 
w ve 
celal RN (28) 
ell 
Ma per * Bi (a4 
REF § ra) (42) 
_  N 
Neer * 15 (43) 


The theonetical deomeegof reachon is 


y* : Tit - Tarn (44) 
Tro - Tot 


iDepree of reaction is also detérmuned at the rotor blade hub and tip 
(soi 
(a) = 
ere 


¥- (45) 
(Fe) | 
P, 
where P, is tdatmeasured at the hubsand thegtip respectively. The 


rotor loss coefficient is 





7 (46) 
‘ Worn 
where 
(YD ‘ 
2 Pp, \ 8 | 
BN TOW aoe 26. Goal pi ep) (47) 
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4. Turbine Tests and Results 


Tests analyzed here were made with the MOD I turbine, runs 2l 
through 38, beginning August 11, 1966, and ending September 10, 1966, 
and: with the MOD II turbine, runs 39 through 47, beginning September 
17, 1966, and ending October 18, 1966. The most productive runs 
were 22, 23, 35, 36, 37, 40, 44 and 45, Many omthe other runs 
were used for the specific purpose of clarifying certain points, test- 
ing the installation or making radial surveys at the turbine exhaust. 
Tables I and II contain a brief summary of the tests, indicating the 
radial and axial clearances which were investigated. 

Prior to each test the measurement systems for stator force 
and moment, and rotor moment were calibrated. The closure plate 
force and moment measurement systems were calibrated several 
times initially but due to small and repeatable readings were not 
calibrated prior to each run.) Phe thermocouple temperature read- 
ings were referenced to ice water at 32° F for each run. 

Tests were conducted by setting the inlet total pressure at the 
desired level and then varying the RPM by varying the load imposed 
by the dynamometer. Maximum load produced minimum RPM. 

Since RPM effected inlet total pressure, the inlet total pressure had 


to be readjusted after each RPM change. 
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The maximum inlet total temperature for these runs was about 
127°F, while most of the runs were in the 110°F to 115°F range. 
The mean radius used in data reduction was 4.187 inches. 


This value was obtained from 
Ro 


ge FL rte ee eR?) (48) 


The head coefficient is referred to an arbitrary mean radius of 
4.125 inches. 

In order to obtain the mean static pressure Py between the 
stator and rotor a linear variation was assumed between the hub 


pressure and the tip pressure, or 


a a Pave i Pre (49) 
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The data obtained from these tests was reduced on the CDC 1604 
computer of the Naval Postgraduate School with a program incorpora- 
ting the analysis of the preceeding section. The tabulated results and 
the computer programs are filed under separate cover at the Turbo- 
Propulsion Laboratory, Naval Postgraduate School, Monterey, 
California. Contained in this report are graphic summaries of the 
results. 

The effect of axial clearance between the stator. and rotor was 
investigated through two series of runs with the MODI turbine. The 
first series, with a common radial clearance of 0.020 inches, is shown 


in Fig. 5. The axial clearance was varied between the extremes of 
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0.090 inches and 0.620 inches. No clearcut pattern of efficiencies 
emerges, and the points associated with all axial clearances are quite 
interspersed. However, the highest efficiency was obtained at the 
greatest axial clearance, and at the second greatest axial clearance 

( A a, = 0.41 inches) the lowest efficiency was produced at a head co- 
efficient of about 2.1. If only the optimum efficiency point for each 
clearance is considered it appears that increasing clearance increases 
elliciency . 

The second series of tests at different axial clearances is shown 
in Fig. 6, where the common radial clearance is 0.033 inches. Axial 
clearances varied between 0.090 and 0.410 inches. Again, the results 
do not point to any clear interdependence of axial clearance and effi- 
ciency, but do corroborate the results of the first series. Based on 
these tests it can be concluded that efficiency is not greatly dependent 
on axial clearance variation from one percent to six percent of the 
turbine diameter. 

Increasing radial clearance is associated with a decrease in 
efficiency because of the tip clearance flow. In Fig. 7 are shown the 
efficiencies of the MOD I turbine at rotor tip clearances of 0.020 
inches and 0,033 inches at pressure ratios of 1.3 and1.5. At both 
pressure ratios the efficiency decreased by about two points if the 
radial clearance was increased from 1.1 to 1.8 percent of the mean 


rotor blade height of 1.82 inches. 
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Various performance plots of the MOD I turbine are shown in 
Figs. 8, 9, and lO. Fig. 8 shows that at any particular pressure 
ratio the torque produced is a nearly linear function of the referred 
speed. A comparison of this relation at the two different radial 
clearances yielded no discernable difference except very slight dis- 
placement of the 1.5 pressure ratio line. It can be noted that the 
curves for the different pressure ratios have nearly equal slopes. 

The effect of radial clearance upon flow rate becomes evident 
in Fig. 9. An increase in radial clearance produces an increaSe in 
flow rate. As the pressure ratio increases this effect becomes more 
pronounced. It can also be seen by the.slopes of the lines that the re- 
ferred speed has a greater effect on flow rate at lower pressure ratios. 

The power produced by the turbine is a direct function of the 
pressure ratio as exhibited in Fig. 10. Radial and axial clearance 
had practically no effect on the power generated, but the larger flow 
rate that passes through the turbine at increased radial clearances 
decreases the efficiency. 

Since it was shown with the MOD [I tests that different axial 
clearances had a negligible effect on performance the tests with the 
MOD II turbine were carried out at a fixed axial clearance of 0.410 
inches for the three radial tip clearances of 0.015, 0.024, and 0.033 
inches. The plots of Figs. 11, 12, 13 and 14 show a consistent drop 
in efficiency of 2.5 to 3.0 points for an increase in radial clearance 


from about 1.5 to 2.0 percent of the blade height . This indicates 
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that at clearances greater than about 1.5 percent of the blade height 
the efficiency decreases radically. 

That referred torque is a linear function of referred speed is 
again verifiedi by Fig. 15 where it is shown again that radial clearances 
have no appreciable effect. 

The MOD II turbine shows the same tendency as the MOD I turbine 
as far as the influence of radial clearance on flow rate is concerned. 
However, Fig. 16 shows that for the MOD II turbine the referred speed 
has a more pronounced effect on flow rate at low pressure ratios than 
that obtained for the MODI turbine. 

In contrast to the results with the MODI stage the radial clearances 
have an effect on the power produced by the MOD II turbine at all pres- 
sure ratios. This effect is clearly shown in Fig. 17. Moreover, 
both curves show a slight deviation from the linear relationship be- 
tween power and pressure ratio, at pressure ratios higher than about 
| Poor 

The effect of pressure ratio on the efficiency of.the MOD II tur- 
bine is somewhat surprising. Since the design pressure ratio is 
about 1.5, the highest efficiency should occur at this value. How- 
ever, the peak efficiency at radial clearances of 0.024 and 0.033 
inches occurred at the lowest pressure ratio as exhibited in Fig. 18. 
The results of runs 40 and 43 for a radial clearance of 0.015 inches, 


which are shown in Fig. 19, were more as expected and contrary to 
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Fig. 18. No feasible explanation can be offered for the difference be- 
tween Fig. 18 and Fig. 19 without additional test runs. 

Pig. 2UBsummarizesmme effect of radial clearance on efficiency 
femeboth turbines. The radicaldecrease in efficiency at radial 
clearances greater than 1.5 percent of blade height is clearly evident 
on the MOD II curve. The dashed lines are conjectural and additional 


runs are necessary for continuation of the curves. 


cee, Lurbine Pertormance Prediction tor Different Fluids 

Prediction of the turbinespertormance for media otmer than air 
may be made on the basis of air test results. Similarity laws make 
it possible to relate air test data to gases with different properties 
except for theseifect of the valuesemihe specific heat ratio 8. To 
account for this effect a method established by vanes can be used, 
of which the highlights are presented here only. 

The analysis is based on the conditions that the dimensionless 


equivalent velocities 


and 


ee 


3 51 
RT . 


6 Vavra, M. H., Determination of Single-Stage Turbine 
Performance at Various Values of Specific Heat Ratio, Unpublished 
Notes of 8 August 1966. 
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at the stator discharge remain equal for operations with air and with 


a gas having an arbitrary value of %& . Moreover it is assumed 
that 

al = rotor absolute entrance angle 
and 


* rotor relative discharge angle 
remain unchanged. The following turbine parameters are supposed 
to be known: 
A, A= Stator and rotor throat areas, respectively 
Ss stator and rotor loss coefficients, respectively 


5, 28 stator, rotor restriction coefficients referred 
to throat areas 


and the particular specific heat ratio of interest. 


For the stator the energy equation gives 
Tro rf : 
E =a ( “ 
= = + CMe ee ae 
7 It age UY, (52) 
From Fig. 3 it can be seen that 


c S GeRa i ) Sie) 





ae — 
Thus " 

ii Salone = 

Tro _ S. 54) 
and 


34 


Ys 


Fro 


The equivalent flow rate is given by 
a7 (y+) 
[cas ay} 
Fo 


where the limiting case is the choked condition that occurs ata 


6-1 
(57) 


pressure ratio of 


(Hs Oe 
Fro CRITICAL stl 
The remaining stator relationships are 
* x ; 
Vor? V, SIN &, (58) 
* % 
% ¥* x 
% \2 x¥ \2 
[ (Wes) a (v,,) | (61) 
( Ww. 
vi (62) 


For the rotor an equivalent temperature is defined such that 
(63) 


z ye 2 

7 sav Vi- U2 
200 Cp 29J Cp 

and U, is known from the rotor radius 


The relationship between U, 
ratio R2/R, where R> and R are mean rotor radii at discharge and 


inlet respectively. It follows that 





COGS ( - _ ) (64) 


re WN 
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and 


a. (x) 
AM, sil 


Now 


= W 
Wo yrs E (66) 


wt |e ay Ne /tro - * 


where T, /Ty, is found from (52) and (64), and Pe /P. 


7 from 


(55) and (65). The rotor flow function is 
Ys 
2 


ae: 2K (stp 
b Se Ale See (E) hee (3) (67) 
R Ap Ee 5 Pe P. 
Since the left.side of (67) is known Po/Pe may be found by 


iteration where the limiting case is the choked rotor flow, given by 


6") 
= 4 2 is 
en ; (4 ) Xel (68) 





Now 
wy 
$-@) “ 
E E 
and 
ie: i= a )(Te- ib) (70) 
Hence 


(we) ea eau (e 


v1 ca) (aa | ) (71) 
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Also, from Fig. 4 


= 
re 
= 
Nox 
5 
AS 


x x 
War = W, 60s, 
% * % 
Vio = Uso St + wy, 
2 M4 
ie 


and 


(72) 


(73) 


(74) 


(75) 


(76) 


The stage performance characteristics of interest are total-to-static 


efficiency, isentropic head coefficient, theoretical degree of reaction, 


and the leaving loss coefficient, The isentropic temperature drop 


L\ Hise is obtained from 


Als 2) tl 
Tro (Be)"# 


With Euler's Turbine Equation the work output is 


| 
aS. Bien . qJcp (UV — Uwe, ) 


which gives 


where oy ns is 


a ee 
Tro Te i= 


a 


(79) 


(80) 


The total-to-static efficiency is then 


” Minne ee (81) 
Alis Vee 
The head coefficient is defined by 
k : 29 JCp AT rs aa 
1S Us (82) 


and can be expressed as 


oe 2s lhe ATs /Tro. (83) 
ere lh (On 


From Fig. 3 the degree of reaction is obtained from 
% / 
7 Als - ee eee ne) (84) 


which leads to 


pe. T/T + Ahs/Tro = | 
Oalie/ ee (oe) 


The leaving loss coefficient is defined as 


s V2 86 
Ke 29J Cp Ae ( 
or 
2 
k = 3-l | (w! + ve i ewan 
eS ay ( ie) (Vu) AT,./Tro (87) 


A typical prediction on the basis of the preceeding presentation 
is given in Tables III and IV. The chosen fluid is supposed to have a 
specific heat ratio of 1.2572. The tables are self-explanatory and 


contain all input values which result from the air model performance 
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analysis. The calculations were carried out by electronic digital com- 
puter, since various iterations were necessary to determine the per- — 


formance values at specified pressure ratios. 


Oe Discussion and Recommendations. 

In section 3, two methods were presented for obtaining the 
Stator periormance, namely one based on momentum, the other on 
continuity considerations. For the final results continuity was re- 
lied upon. Momentum is the preferable method because of the 


nature of the instrumentation and reliance upon external, direct 


measurements. However, momentum produced consistently high 
axial velocities. This may be due to several factors, First was the 
attainment of the average pressure P, between stator and rotor. The 


assumption of linearity between the hub and tip did not give the desired 
results, and attempts of varying P) in accordance with other relation- 
ships did not produce agreement om momentum and continuity 
either. Possible reasons for this discrepancy may be due to other 
factors also, particularly, the difficulties associated with the determi- 
nation of the exact value of the net axial force produced by the axial 
component of the stator discharge velocity. For amass flow rate 

of about 5 libeeySe c and an axial velocity at the stator exit of about 

240 ft/sec the resultant net force due to momentum change is about 

37 lbs. The axial force measured by the force capsule is about 

i ibwand the force exerted on the closure@plate is about 30 lbr. 


From the difference between these two meaSurements, namely 105 Ibe, 


a9 


68 lbp are produced by pressure distributions that act on the shroud 
and cross sectional areas at station (l). It is readily seen thata 
small error in the measured forces produces a large error in the net 
force and axial velocity. It is necessary also that extreme care be 
taken in determining the exact pressures acting on particular areas 
of the stator assembly. It is recommended that instrumentation be 
introduced through the shroud between the stator and rotor to gain 
exact pressure and temperature distributions between the hub and tip. 
This could be done at axial clearances of about 0.4 to 0.6 inches. 

Efficiency and power are direct functions of the rotor shaft 
torque. The readings from the electronic torque capsule seemed 
somewhat doubtful because a number of calibrations failed to pro- 
duce exact repeatability, and the calibration curves were not quite 
linear in Several cases. Due to the importance of this measure- 
ment it would greatly benefit future data analyses to have this 
Situation rectified. 

The present computer program for the data reduction could 
still be improved considerably. Together with the above mentioned 
improvements, more exact determinations of the flow restriction 
factors and the loss coefficients would then be possible. These 
performance parameters are particularly important for the pre- 


diction method of section 5, 
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An error analysis was begun but not completed. It was planned 
to feed into the computer program the maximum variations of the 
readings in such combinations as to produce the maximum possible 
deviation from the average values. This procedure would be an 
"actual'' error analysis and of more value than a theoretical attempt. 
Prior solution of the above-mentioned problems would greatly im- 


prove the accuracy of this error analysis. 
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